Abstract Microchip electrophoresis (ME) with electrochemical detection was used to monitor nitric oxide (NO) production from diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) and 1-(hydroxyl-NNO-azoxy)-L-proline disodium salt (PROLI/NO). NO was generated through acid hydrolysis of these NONOate salts. The products of acid hydrolysis were introduced into a 5-cm separation channel using gated injection. The separation was accomplished using reverse polarity and a background electrolyte consisting of 10 mM boric acid and 2 mM tetradecyltrimethylammonium bromide, pH 11.
Introduction
NO is an important intercellular signaling molecule that is involved in neurotransmission, vasodilatation, and the immune response [1] . It is hydrophobic and has a very large diffusion coefficient, which allows it to permeate cellular membranes [1] . NO is a precursor to more reactive species, including dinitrogen trioxide (N 2 O 3 ) and peroxynitrite. These reactive nitrogen species (RNS) can directly or indirectly react with amino acids, proteins, metal ions, molecular oxygen, radical species, and DNA, which makes the halflife of NO relatively short in biological media. The short half-life of NO in vivo makes its detection and quantification an analytical challenge. Many approaches for the detection of NO in vivo have been reported in the literature. These include the reaction of NO with fluorescent probes [2] [3] [4] [5] [6] [7] [8] , direct amperometric detection [9] [10] [11] , chemiluminescence [12] , electron paramagnetic resonance [8, 11] , voltammetry [13] , and indirect detection of its degradation products nitrite and nitrate [14] [15] [16] [17] .
NO has been detected directly using amperometric biosensors [10, 11] . For example, Schoenfisch's group developed NO-specific biosensors using xerogel membranes and platinum black and platinum electrodeposited tungsten substrates [9, 10] . These biosensors have detection limits in the picomolar range, and the xerogel membrane shows high selectivity and permeability for NO [9] . However, interference due to other electroactive compounds is a challenge for some amperometric biosensors [11] . Therefore, indirect measurements of NO degradation products such as nitrate and nitrite or the reaction of NO with fluorescent probes have also been employed for NO detection. Although these methods are effective, there can be problems with specificity, crossreactivity of the probes, and efficiency or kinetics of reactions. An alternative approach to improve selectivity of these techniques is to separate NO or NO-reacted fluorescence probes from interferences prior to the detection [18, 19] .
Among the existing separation techniques, capillary electrophoresis (CE) presents many advantages, including low consumption of sample and reagents, high efficiency and resolution, reduced analysis time, easy method development, and several modes of separation. When CE is accomplished in microchannels (Lab-on-a-chip, μ-TAS, or ME), it has the additional advantage of faster analyses, even lower reagent and sample volume consumption, and the possibility of parallel processing and integration of analytical steps [20] . Another feature of ME is the ability to perform sequential injections, making it possible to monitor the progress of a reaction. Among the detectors available for ME, laser-induced fluorescence (LIF), and electrochemical (EC) detection, schemes are preferred, mainly due to their high sensitivity and ease of application. With EC detection, it is possible to integrate the electrodes into the chip during the fabrication process, leading to fully integrated microfluidic systems [21] [22] [23] [24] . Electrode materials such as carbon (carbon fiber, ink, and screen printed) and metal (Au, Pt, and Pd) have been widely used in ME-EC devices [25] [26] [27] [28] . Nanomaterials have also been employed to enhance electrochemical performance [29] . ME coupled to LIF has already been used for the detection of NO in human blood and leukemia-type cells [18, 30] . To the best of our knowledge, ME coupled to electrochemical detection (ME-EC) for the measurement of NO has not been achieved; however, ME-EC of peroxynitrite and the metabolites (nitrite and nitrate) of NO and peroxynitrite has been reported previously [25, 27, 31, 32] . One of the advantages of ME-EC is the possibility of detecting several compounds simultaneously in a single sample. Many biologically important compounds involved in oxidative stress including ascorbic acid, glutathione, hydrogen peroxide, and nitrite are electroactive and can be measured along with NO by ME-EC.
Due to the important role of NO in vasodilatation and immune signaling, there have been many drugs developed to deliver NO or enhance its production in vivo [33] . In particular, several diazeniumdiolates have been developed as NO donors [34] , and several compounds of this class are now commercially available. These same compounds have also been employed as NO standards for in vivo and in vitro studies. For example, we have employed the diethylamine adduct of NO for calibration purposes in LIF detection of NO [18] . The Spence and Martin groups have also used these compounds for quantitation of NO release from platelets, endothelial cells, and erythrocytes in microfluidic studies [35] [36] [37] [38] [39] [40] . NONOates offer an efficient way to generate known quantities of NO. NO generation occurs via acid hydrolysis, and NONOates with half-lives varying from few seconds to several minutes are available.
In this report, microchip electrophoresis with electrochemical detection was used to monitor the generation of NO from NONOate salts with a temporal resolution of 60 s. Since both the salt and NO are electroactive, it is possible to simultaneously monitor the disappearance of the NONOate and the appearance of the NO. Nitrite was also well resolved from the two compounds. The method described here will be employed in the future to investigate the reaction products of NO with biomolecules in a microfluidic-based system.
Experimental

Reagents and solutions
All reagents were of analytical grade and used as received. Sodium nitrite (NaNO 2 ), boric acid, tetradecyltrimethylammonium bromide (TTAB), and sodium phosphate monobasic and dibasic were purchased from Sigma (St. Louis, MO, USA). Sodium hydroxide and hydrochloric acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (diethylamine NONOate, DEA/NO) and 1-(hydroxyl-NNO-azoxy)-L-proline disodium salt (PROLI/ NO) were purchased from Cayman Chemical (Ann Arbor, MI, USA). All solutions were prepared using deionized (DI) water with resistivity greater than 18.3 MΩ cm (Millipore, Kansas City, MO, USA). Phosphate-buffered saline (PBS) was purchased from Sigma as a dry powder in foil pouches and dissolved in 1 L of deionized water to prepare 10 mM PBS pH 7.4 solution (salt concentrations were 140 mM NaCl and 3 mM KCl). The 10 mM phosphate buffer at pH 7 was prepared by mixing appropriate amounts of sodium monobasic and dibasic in DI water. Nitrite and hydrogen peroxide stock standard solutions were prepared in DI water at a concentration of 10 mM and diluted in the run buffer to the desired concentration. Diluted standards were prepared daily. Stable stock solutions were kept for a week at 4°C, while unstable solutions such as DEA/NO and PROLI/NO were prepared immediately before use. The background electrolyte (BGE) employed for the electrophoresis experiments consisted of 10.0 mM boric acid and 2.0 mM TTAB. The pH was adjusted to 11 with sodium hydroxide.
Microchip fabrication and instrumentation
Fabrication of the PDMS-based microchips for ME-EC has been fully described elsewhere [27, 31] . Briefly, the masters for replication were fabricated from a 4-in. wafer coated with SU-8 10 photoresist (Silicon, Inc., Boise, ID, USA) using soft lithography. The width and depth of the microchannels were 50 and 14 μm, respectively. PDMS microstructures were made by casting a 10:1 mixture of PDMS elastomer/curing agent against the silicon master using Sylgard 184 Silicone Elastomer Kit (Ellsworth Adhesives, Germantown, WI, USA). Following fabrication of the PDMS layer containing the electrophoresis channels, 4-mm holes for the sample and waste reservoirs were produced using a biopsy punch (Harris Uni-core, Ted Pella, Redding, CA, USA). The PDMS substrate containing the electrophoresis channel was then reversibly sealed against a flat borosilicate glass (Precision Glass and Optics, Santa Ana, CA, USA) that contained a 15-μm Pt band working electrode. Fabrication of the Pt band electrode has been reported previously [27] . The separation channel and Pt electrode were carefully aligned to place the electrode exactly at the edge of the channel outlet (in-channel detection) [27] . The microchip design for all experiments was a simple "T" design with a 5-cm separation channel and 0.75-cm side arms (Fig. 1) .
A dual channel high voltage power supply (HV Rack, Ultravolt Inc., Ronkonkoma, NY, USA) controlled by software written in Labview (National Instruments, Austin, TX, USA) was employed in these experiments. Gated injection [41] and electrophoretic separation were accomplished through the application of −2,400 and −2,200 V to the BGE and sample reservoirs, respectively. The injection time was 1 s, and the separation lasted 60 s. Sequential injections could be easily conducted using gated injection, which allows continuous monitoring of the reactions.
Electrochemical detection was achieved using a wireless isolated potentiostat (Pinnacle Technology, Lawrence, KS, USA) in a two-electrode configuration [27] . The working and reference electrodes consisted of a 15-μm Pt band and Ag/AgCl (RE-5B, Bioanalytical Systems, Inc., West Lafayette, IN, USA), respectively. To facilitate the electrodechannel alignment, the microchip was set up on an inverted microscope (Nikon Ti-U, Melville, NY, USA).
Procedures
DEA/NO and PROLI/NO sample preparation
The general procedure for preparation of the NONOate salts is as follows: The NONOate salt was dissolved in 1 mL 0.01 M NaOH to obtain a stable 10-mg/mL NONOate standard solution. This solution was then diluted four to five times in phosphate or PBS in order to initiate the hydrolysis reaction and production of NO. The sample was again diluted tenfold in run buffer or water prior to introduction into the chip. The pH of the phosphate or PBS was selected such that the final pH was around pH 7 after addition of NONOate dissolved in NaOH solution. The reaction for the generation of NO using the two types of NONOate salts is depicted in Fig. 2 .
First, DEA/NO was investigated with two different sets of acidic buffers to initiate the acid hydrolysis-10 mM phosphate buffer with pH 2-3 and 10 mM PBS with pH 2-3 (the pH of the phosphate and PBS buffer was adjusted to 2-3 by acidifying stock buffer solutions using concentrated HCl). DEA/NO was diluted five times in this acidified solution (phosphate or PBS). When phosphate buffer was employed for hydrolysis, the sample was diluted ten times in run buffer (10 mM boric acid with 2 mM TTAB at pH 11) prior to analysis. When PBS was used, the sample was diluted ten times in deionized water.
PROLI/NO sample preparation was straightforward after optimizing the acid hydrolysis conditions with DEA/NO. To prepare a PROLI/NO standard, 10 mg of PROLI/NO was dissolved in 10 mM NaOH (800 μL). Then 250 μL of PROLI/NO NaOH solution was diluted into 750 μL of 10 mM PBS with 2 mM TTAB at pH 2. This solution was further diluted 10 times in degassed water and analyzed.
Microchip operation
Freshly prepared PDMS microchips were conditioned with 0.1 M NaOH solution followed by run buffer. For ME-based analysis, the potentials were applied to the reservoirs, as indicated in Fig. 1 . At this point, the currents registered would be approximately 11-12 and 8-9 μA for the buffer reservoir (BR) and sample reservoir (SR), respectively. The high voltage was turned off for sample introduction. Next, the BGE was replaced by the sample at SR, the potentiostat was turned on for data acquisition, and the gated injection program was run. The acquired data were processed using Microcal Origin 8.0.
Results and discussion
Our research group has been working on separation strategies for RNS, which includes NO. The main advantage of using a separation method is the possibility of detection and quantification of several related species in complex matrices, which improves the selectivity of the method. We previously reported ME-based methods for the detection of nitrate, nitrite, peroxynitrite, and RNS-related species [27, 31, 32] . The present study was focused on detection of NO using ME-EC, and this goal was accomplished by employing NOdonor NONOate salts. The dynamic behavior of NONOates during acid hydrolysis can be used to investigate the electrophoretic behavior of NO. That is, one can observe nitrite generation, NONOate decomposition, and NO generation and/or decomposition with ME-EC during the acid hydrolysis of NONOates. The migration times for the NONOate anions can be determined by diluting NONOate stock solution in high pH run buffer and ME-EC analysis. This makes it possible to identify the NO peak (that is produced upon hydrolysis) based on migration order and its appearance Fig. 2 Generation of NO using a DEA/NO and b PROLI/NO (www.caymanchem.com) Fig. 1 Microchip setup. BR, SR, BW, and SW indicate BGE, sample, BGE waste, and sample waste reservoirs, respectively. WE and RE are working (Pt band) and reference (Ag/AgCl) electrodes, respectively. The dotted line represents the limits of the PDMS microchip. The inset shows a microscopic image from the electrode/ channel alignment using low pH reaction buffer. Also, ME-EC is an alternative way to investigate NO generation from NONOate as a function of pH. Since NONOates are commonly employed for biological investigations as a NO delivery system, ME-EC will yield a better understanding of the mechanism of NO delivery under different pH and solvent conditions. NO and NO donors are electroactive and can be directly oxidized at Pt electrodes. For these studies, in-channel amperometric detection was employed. With this configuration, the exact potential needed for the oxidation is dependent on the position of the working electrode in the separation field [27, 42] . When the electrode was placed fully inside the channel (10 μm from the channel end) for amperometric detection with reverse polarity conditions (negative polarity at sample reservoir), there was an approximately 450 mV negative shift in half-wave potential for nitrite and H 2 O 2 standards in comparison to the half-wave potentials observed for end channel detection (electrode placed 10 μm outside of the channel) [27] . Hence, a lower potential must be applied to the working electrode for oxidation of analytes since the voltage bias is additive under reverse polarity separation conditions. Therefore, a hydrodynamic voltammetric experiment must be performed with each new microchip to determine the voltage bias. We reported previously that the voltage bias produced by the separation field can be minimized by placing the working electrode at the very end of the separation channel but still in the channel (0-5 μm). This approach also preserves the high separation efficiencies characteristic of in-channel detection, making it possible to resolve closely migrating species [27] .
Optimization of the detection potential was necessary to assure good sensitivity with this electrochemical detection scheme. In these experiments, the potential was set at +1.0 to +1.1 V vs. Ag/AgCl reference, which is sufficiently positive for the oxidation of NO, nitrite, and the NO donors. Another useful approach consists of injecting a 100-μM nitrite solution and checking the peak height, which should be higher than 2.5 nA.
Both 10 mM phosphate and 10 mM PBS at pH 2-3 were evaluated for the hydrolysis studies. Following ME-EC analysis, three peaks corresponding to DEA/NO, NO, and nitrite were obtained. It was found that PBS appeared to be the better reaction medium. It was also determined that the desired final pH of the NONOate buffer solution was approximately 7. Since the hydrolysis reaction is highly dependent on the pH of the solution, one must be aware that below pH 5, the reaction is so fast that only the nitrite peak is observed. At final pH values above 8, NO cannot be detected. Figure 3 shows typical results obtained for the acid hydrolysis of DEA/NO in PBS. The electropherogram shows sequential injections of the DEA/NO sample. The migration times for nitrite, DEA/NO, and NO were 22.0± 0.3, 33.5±0.4, and 37.6±0.2 s, respectively. This migration order can be expected because nitrite is smaller than DEA/ NO, although both species have one negative charge. Since NO is neutral, it moves with the electroosmotic flow (EOF). The efficiencies given in plates per meter were 2.5±0.4× 10 4 , 1.0±0.5×10 5 , and 1.1±0.4×10 5 for nitrite, DEA/NO, and NO, respectively. Although the nitrite peak presented a slow decrease in height (about 44% after 10 injections) over time, the decrease in response for the DEA/NO peak was more dramatic. The observed decay for nitrite could be due to electrokinetic injection irreproducibility and stacking effects due to saline used with phosphate. The DEA/NO peak could be identified by measuring the kinetics of the DEA/NO hydrolysis reaction. The peak corresponding to DEA/NO exhibited peak currents that were fitted into zero-, first-, and second-order rate law. The best correlation (R 2 00.97) was obtained for a firstorder reaction (versus 0.90 and 0.76 for zero and second order, respectively) (Fig. 4a ). This agrees with the vendor product information for the reaction of DEA/NO (www. caymanchem.com). After the tenth injection (10 min), there was an appearance of a shoulder at the DEA/NO peak that became a clear third peak upon subsequent injections. This new peak indicates NO production. This NO peak is not visible in the first injections because of the high intensity of the DEA/NO peak. When the DEA/NO peak becomes smaller, the resolution is adequate for identification of NO. Figure 4b shows the peak heights for DEA/NO and NO as a function of time. In the case of NO, only the last six injections were taken into account. From this figure, it is also possible to see the exponential decay of the DEA/NO peak. The inset in Fig. 4b shows that the rate of increase in height of the NO peak corresponds with the decrease in response for DEA/NO. It was also observed after several injections that the NO peak height was reduced (after 18th injection in the electropherogram in Fig. 3 ), probably due to volatilization from the sample reservoir or reactions with oxygen. These experiments were not performed under an inert atmosphere, except that the solutions were degassed by bubbling nitrogen at the start of the experiment. Under the experimental conditions described above, the resolution between DEA/NO and NO peaks was low (R0 1.0±0.2), and NO migrated with DEA/NO when the concentration of the NONOate salt was higher. Therefore, a different NONOate salt was selected in an attempt to improve resolution based on the structure of the NONOate. As shown in Fig. 2b , the net negative charge of the PROLI/NO molecule is 2. DEA/NO has only one negative charge (Fig. 2a) . Therefore, the electrophoretic mobility of PROLI/ NO should be higher than that of DEA/NO, leading to improved resolution of PROLI/NO and NO. Figure 5a shows electropherograms obtained for sequential injections of PROLI/NO. As expected, PROLI/NO and NO were fully separated. Although PROLI/NO migrates closer to nitrite, good resolution between nitrite and PROLI/NO was also observed (R02.4±0.2). The migration times obtained for nitrite, PROLI/NO, and NO were 16.4±0.2, 20.1±0.4, and 34.5±0.7 s. The efficiencies given in plates per meter were 6.3±1.1×10 4 , 7.7±1.3×10 4 , and 3.1±0.3×10 5 for nitrite, PROLI/NO, and NO, respectively. As shown in Fig. 5b , the PROLI/NO, NO, and nitrite peak heights changed over time due to PROLI/NO hydrolysis. Injection of 100 μM nitrite standard confirmed the peak assignment for nitrite (Electronic Supplementary Material Figure S1 ).
Similar to that for DEA/NO, the pH of PROLI/NO in the final buffer should be around pH 7 to facilitate the hydrolysis reaction. Also in PROLI/NO experiments, it was still found that whenever the pH of the final hydrolysis solution was above 8, only two peaks were observed, those of parent PROLI/NO and nitrite. At pH09, we observed two stable peaks in the electropherograms for nitrite (13.5±0.7) and PROLI/NO (43.0±9.6 nA), respectively, over a period of approximately 5 min as shown in Fig. 6 . This means that the conditions for the reaction can be adjusted on-chip for advanced applications, for example, a confluence of NO donor delivery and reaction.
Conclusions
In this paper, a method for monitoring NO generation by NONOate salts using microchip electrophoresis with electrochemical detection is presented. The hydrolysis reaction was initiated by mixing the NONOate in NaOH solution with an acidic buffer to obtain the desired reaction pH. For DEA/NO and PROLI/NO, we observed that pH around 7 was suitable to promote the hydrolysis, while no detectable degradation occurred above pH 8. The progress of the reaction could be monitored through sequential injections from the sample reservoir followed by electrophoretic separation. Nitrite was present in all the NONOate standards investigated; however, it did not interfere with the separation, as it has a higher negative electrophoretic mobility than the NO donors. NO migrated with the velocity of the EOF. The total separation was performed in less than 40 s with satisfactory resolution and good efficiency.
